Abstract-Proteins represent a major class of therapeutic molecules with vast potential for the treatment of acute and chronic diseases and regenerative medicine applications. Hydrogels have long been investigated for their potential in carrying and delivering proteins. As compared to bulk hydrogels, hydrogel microparticles (microgels) hold promise in improving aspects of delivery owing to their less traumatic route of entry into the body and improved versatility. This review discusses common methods of fabricating microgels, including emulsion polymerization, microfluidic techniques, and lithographic techniques. Microgels synthesized from both natural and synthetic polymers are discussed, as are a series of microgels fashioned from environment-responsive materials.
INTRODUCTION
The delivery of proteins is a major therapeutic avenue to treat a multitude of diseases such as cancer, osteoarthritis, and diabetes. Larger than conventional small molecule drugs, proteins consist of long chains of peptides formed from amino acid building blocks. Their complex structural and functional nature means their actions in the body are likewise complex and unique, and are unable to be mimicked by small molecule drugs. Because proteins act in a very specific manner, fewer side effects are expected. In addition, the average approval time by the U.S. Food and Drug Administration (FDA) for a protein therapeutic is similar or even quicker than the time required for small molecule drugs. 55 One of the most common therapeutic proteins used today, insulin, is the first line of treatment for patients suffering from diabetes mellitus. Advances in biotechnology have led to improvements in protein production and purification procedures. Only a few decades ago, production of insulin required animal organs until advances in recombinant DNA technology led to the ability to use bacteria to produce insulin. 19, 59 These bacteria-produced proteins are easier to manufacture on a mass scale and also lower immunogenicity in patients hypersensitive to animal-derived insulin. 33 Alternative protein production methods include the use of yeast, 24 mammalian cells, 73 and plants. 44 Other major protein-based therapeutics include antibodies, hormones, hemostasis factors, metabolic enzymes, fertility-associated proteins, and many more. A selected list of FDA-approved protein therapeutics can be found in Table 1 ; over 130 protein-based therapeutics are approved by the FDA for human use. 39 As such, the use of proteins as potent drugs and their delivery in the human body are becoming increasingly important.
Hydrogels, consisting of hydrophilic polymeric networks hydrated by large amounts of water, are commonly used biomaterial scaffolds for such delivery of proteins. These polymer networks generally make up anywhere from 1 to 10% of the swollen hydrogel by weight, with the rest of the hydrogel weight coming primarily from water. The network of polymers is connected by crosslinks, which may have a covalent, ionic, affinity or physical basis. Most often, covalent chemical crosslinking (e.g., via free radical polymerization, Michael addition) or ionic crosslinking (e.g., alginate coordinating with divalent cations) are employed. Control over crosslinking density offers control over hydrogel properties; higher crosslinking density will increase elastic modulus and decrease mesh size. The polymer weight percentage of the hydrogel is also tunable, lending control over properties such as mesh size and elastic modulus. Tuning the diffusivity of encapsulated proteins has been well-investigated in previous literature, 42 as described in the next section. The ability to functionalize hydrogels with biological molecules such as cell-adhesive peptide motifs or proteins (for example, the well-known arginineglycine-aspartic acid (RGD) sequence) allows for additional control over the interaction of a hydrogel with its environment and with encapsulated cells. 40 While investigation into hydrogels at the bulk scale continues, hydrogel microparticles (microgels) have also emerged as a potent delivery vehicle. Microgels are highly versatile -they have been investigated in the delivery of small molecule drugs, 10 lipids, 14 polymers, 13 and nanoparticles; 68 used as scaffolds for tissue regeneration; 2, 20 and used as implant coatings to modulate inflammation. 7, 8, 22 They represent a biomaterial that requires less traumatic application methods-injection of soft, deformable microgels can be conducted with a needle or catheter as opposed to a more-involved surgery to implant a bulk hydrogel. These injectable microgels also conform to defects and cavities, resulting in superior coverage of an area as compared to preformed bulk hydrogels. In addition, multiple/repeated administrations due to the less invasive nature of microgel injections can lead to better therapeutic outcomes. The individual, discrete nature of each microgel also allows for the formulation of two or more different proteins to be delivered simultaneously by simply mixing different, separately-made microgels (Fig. 1 ).
Protein Delivery from Microgels
The route of administration of proteins as therapeutic agents is an important consideration. Proteins are sensitive to their environment; improper pH levels, chemical degradation, proteolytic degradation, and clearance by the immune system can all decrease or entirely remove the activity of proteins. As such, most delivery routes involve direct infusion or injection of the protein therapeutic, often intravenously. Delivering proteins orally, one of the most common routes for current small molecule therapeutics, results in rapid destruction of the protein and poor transport through the gastrointestinal tract to targeted tissues. Thus, the use of biomaterials to deliver proteins holds immense potential for overcoming current clinical problems with the use of protein therapeutics. Microgel-based biomaterial approaches may be used to shield proteins from unfavorable conditions, to prolong retention time in a targeted area, to co-deliver cells for augmented therapy, or to react to environmental cues to release their payload, among many other applications.
Many microgels release their payloads in a diffusion-based manner from the hydrogel network. Parameters such as mesh size can therefore be controlled to tune protein release profiles (a smaller mesh size hinders diffusion-based release of protein). Methods to control the diffusivity of encapsulated proteins by altering hydrogel network properties have been reviewed by Lin and Metters. 42 Theoretically, as the mesh size decreases the diffusivity of encapsulated protein will also be reduced; once the mesh size is at or below the size of the protein, little to no diffusion is predicted to occur. Most hydrogel mesh sizes range from 5 to 100 nm, 42 and as such, hydrogels are primarily used to carry macromolecules such as proteins as opposed to small-molecule drugs. Additional control over diffusion-based release can be achieved by incorporating molecules such as heparin to take advantage of affinity interactions with encapsulated proteins. 32 Degradation of the microgel over time can play a role in the release of protein, especially if protein diffusivity is low. Polymer weight percentage, molecular weight and crosslinking density, factors which also influence mesh size, can therefore be altered to control degradation-based protein release as well. As such, microgels with enzymatically degradable crosslinkers will have a release profile dependent on the local microenvironment of the microgel. External stimuli (temperature, pH, ion concentration) can also be utilized to control protein delivery when diffusivity is low by swelling (and thus expanding mesh size) and deswelling the microgel network in response to a trigger (Fig. 2 ). Other delivery strategies may involve the combination of microgels with other elements, such as enzyme nanocapsules that respond to environmental glucose concentration for insulin delivery 21 or incorporating microgels within a bulk hydrogel network to reduce the burst effect. 5 
Fabrication Methods for Microgels
As detailed below, various synthesis routes are available to generate microgels (Fig. 3) . Originally, batch emulsion or precipitation polymerization techniques involving polymerization in bulk solution were the most common methods. Use of microfluidic polymerization techniques that take advantage of advances in soft lithography to generate microfluidic devices is now a common synthesis route. Microfluidic synthesis schemes are continuous as opposed to batch, and offer greater control over microgel polydispersity at the cost of a slower synthesis speed. Lithographic techniques involving a master template or mask to directly control microgel size and morphology constitute another major class of fabrication methods. Lithographic methods likewise offer good control over particle polydispersity, but are in general slower than batch polymerization methods. Microfluidic and lithographic synthesis schemes also allow for improved control over particle structure and complexity (e.g., Janus microgels, 46 core-shell microgels 3 ) as compared to batch schemes. Lastly, although less common, electrospraying techniques can also be utilized to fabricate microgels. 31 It should be noted that the crosslinking method employed with the fabrication methods mentioned must be compatible. A review on hydrogel crosslinking chemistries by Hennink and van Nostrum provides a detailed discussion in this regard. 27 FIGURE 2. Strategies to control protein release from microgels. Control over mesh size, the ability to utilize protease-degradable crosslinkers, and incorporation of stimuli-responsive polymers all modulate protein release.
Emulsion Polymerization
Broadly speaking, emulsion polymerization involves an aqueous phase containing a surfactant, an oil phase containing monomer, and an initiator (often thermally-activated) to start the radical polymerization process; a crosslinker may be substituted for the initiator depending on the specific polymerization scheme employed. Inverse emulsion polymerization is an often used variant of this synthesis technique to generate microgels, and simply refers to the switching of oil and aqueous phases. That is, the aqueous phase will contain the hydrophilic monomer while the initiator can be in either phase. 66 A mixing or homogenization step, such as using a vortex mixer or a homogenizer, is then employed to generate droplets of monomer in aqueous phase, surrounded by the oil phase (inverse emulsion). The surfactant serves to prevent re-aggregation of the droplets. After adding the initiator and adjusting the environment correctly (e.g., heating the system to a sufficient temperature of 50-70°C for a thermal initiator), the initiator reacts to form free radicals that start the polymerization process. The polymerized products are then collected, washed, and optionally lyophilized for storage. Tuning of particle size can be achieved by altering parameters such as mixing or homogenization speed and reaction temperature. Protein can be loaded post-synthesis by diffusion-based incubation of microgels with a concentrated protein solution.
Certain microgel emulsion polymerization schemes (e.g., emulsion polymerization of gelatin microgels crosslinked with genipin or glutaraldehyde) may allow for substitution of initiator with a chemical crosslinker, along with removal of the heating step. 51 These schemes thus may also allow for loading of protein by adding the protein to the aqueous phase before emulsification and polymerization occurs, as no thermally-initiated free radical polymerization takes place. Emulsion polymerization processes that are surfactant-free have been reported by SerranoMedina et al. 61 Recently developed microemulsion schemes involving DMSO droplets suspended in a Pluronic-based continuous phase have also been reported by Rios et al. 56 Aqueous two-phase emulsions are also an effective method for generating microgels. This water-in-water emulsion system has been used to produce polyethylene glycol (PEG) microgels.
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Precipitation Polymerization
Precipitation polymerization is similar in several respects to emulsion polymerization. Both techniques proceed in a batch process, with all microgels being formed simultaneously in solution. One of the major differences lies in the fact that all the reagents-the monomer, the initiator, and the crosslinker-are dissolved in an aqueous phase. No surfactant or stabilizing agent is needed for precipitation polymerization. After addition of initiator and proper environmental control (e.g. heating the system), a spontaneous homogenous nucleation process occurs and growth of microgel particles proceeds. Instead of relying on two phases and a surfactant to prevent excess microgel particle aggregation, once the microgel particles reach a critical size they are electrostatically stabilized by initiator fragments that eventually are incorporated into polymer chains during nucleation and growth. 54 While most microgels synthesized with this technique range from 100 nm to 3 lm, Meng et al. reported precipitation polymerization synthesis of microgels from 2.5 to 5 lm in diameter. 47 Flake et al. have also reported precipitation polymerization synthesis of monodisperse PEG microgels between 1 and 5 lm in diameter. 17 
Microfluidic Polymerization
Microfluidic synthesis techniques proceed in a continuous fashion, with each microgel droplet being formed one at a time at a high throughput. These techniques require a lithographically generated microfluidic device, most often fabricated from polydimethylsiloxane (PDMS). In general, either emulsionbased techniques or flow lithography-based techniques are employed. In an emulsion-based microfluidic system, multiple phases (aqueous, oil, crosslinker, etc.) meet in a junction geometry (e.g., T-junction), where droplets are formed (see Fig. 3 ). After formation of these droplets crosslinking will occur, often via chemically or ionically induced gelation. Following crosslinking, microgels are purified from the collection phase, usually by centrifugation and supernatant removal washing steps. The encapsulated protein is often loaded by mixing with the macromer in the aqueous phase. Control over microfluidic device length scales (nozzle diameter) and flow rates offer a great depth of tunability of microgel size and monodispersity. In a flow lithography-based microfluidic system, the crosslinking takes place via photoinduced polymerization (discussed below). 12 
Lithographic Processes
Lithographic fabrication techniques involve the templating of hydrogels at micro-and nano-scale level using photopolymerization. By affording the designer a high level of control and reproducibility, lithographic synthesis can be an appealing alternative to older, more established methods. There are three major lithographic methods-photolithography, imprint lithography, and flow lithography. 26 In all three variants, some type of mask or mold is required. This template is used to control both the size and morphology of the resulting microgels. In photolithography, a template with the desired pattern is created, and used as a photomask for UV polymerization of a bulk hydrogel precursor. Imprint lithography involves a template that acts as a mold for the hydrogel precursor; UV light is then used to photopolymerize the material inside the mold. Finally, flow lithography combines principles from microfluidic synthesis with a patterned photomask and a UV light source to photopolymerize microgels inside a flow channel. In stopflow lithography, stopping the flow of oligomer before polymerizing yields improved resolution during synthesis. 15 Protein is often loaded post-synthesis via swelling/diffusion to avoid exposure to UV light. Given the ability to fine-tune the photomask template, there is a relatively high degree of control over particle size and monodispersity with this method as well. Merkel et al. have reported the fabrication of monodisperse, deformable, discoid-shaped microgels ranging from 0.8 to 8.9 lm in diameter and investigated their administration in vivo. 48 
Electrospraying Fabrication
Hydrogels can be crosslinked by ionic gelation, such as those fabricated from naturally-derived alginate. Microfluidic methods to generate these alginate microgels are employed, as are electrospraying methods, in which liquid flows from a capillary nozzle through an electric field that results in disruption of the flow into droplets. 31 While it is less commonly used than other techniques, electrospraying has been used to generate glucose-responsive 21 and alginate-based microgels. 35 Young et al. have used submerged electrospraying, in which the generation of droplets is conducted in an insulating fluid such as oil (as opposed to air), to generate polyvinyl alcohol (PVA) microgels as well. 75 
POLYMERS COMMONLY USED FOR MICROGELS
Natural Polymers Alginate
Alginate is a natural anionic polysaccharide derived from brown seaweed. It is a linear, random copolymer of 1,4-linked b-D-mannuronic acid and a-L-guluronic acid residues that are arranged in a block pattern. 69 Divalent cations such as Ca 2+ are able to induce a mild, ionic gelation of alginate strands into a hydrogel material. Kim et al. developed alginate microgels carrying both live cells and protein growth factors. 35 Arginine-glycine-aspartic acid (RGD), a cell-adhesive peptide motif, was incorporated into the alginate; outgrowth endothelial cells (OECs), vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF) were also added. Release of fluorescently labeled protein in vitro showed nearly complete cumulative release after a period of 10 days.
An ex vivo aorta sprouting assay showed significantly increased sprouting of vasculature for OECs encapsulated within microgels as compared to OECs alone. In vivo results from a rat hind limb ischemia model indicated significantly improved blood flow and reperfusion in the damaged limb.
A microfluidic-based synthesis method was employed by Utech et al. to produce alginate microgels with a tight monodispersity and structural homogeneity. 65 Calcium-EDTA chelated complexes were mixed with alginate in a microfluidic chamber; after droplet formation, crosslinking was induced by introduction of acetic acid, releasing the calcium ions. RGD-functionalized alginate was used to encapsulate mesenchymal stem cells (MSCs) with this process, with cell viability (70%) observed out through 2 weeks. Cells, as well as proteins, can thus conceivably be loaded in this manner.
Alginate-based microfibers with variable chemical composition and complex structure and morphology were reported by Kang et al. 34 A fiber-spinning method based on a microfluidic device, driven by computer-controlled pneumatic valves, that deposited the microfiber onto a rotating spool was employed. Triple-helix microfiber structures could be generated via this spool rotation, and nanoporous structures within a fiber could be generated by a process of salt dissolution. These microfibers were used to encapsulate rat hepatocytes and fibroblasts, with co-encapsulation of both cell lines resulting in mutually-improved cell viability over 5 days. These highly tunable microfibers could feasibly be used to carry both live cells and proteins.
Marquis et al. used a microfluidic flow-focusing scheme to generate pectin-alginate dual-compartment Janus microgels. 46 The separation of the two hemispheres was shown by confocal scanning laser microscopy, and the diffusivity of encapsulated bovine serum albumin depended on its placement in either the pectin or the alginate hemisphere of the microgel. In addition, use of specific enzymes against the two different polysaccharides that comprised the Janus microgels resulted in selective degradation of either hemisphere. Varying shapes and morphologies, ranging from spheres to oblate ellipsoids and tori, were also synthesized.
Gelatin
Gelatin, obtained by partially processing collagen, is most commonly used as a food additive. Depending on the nature of processing, derived gelatin can be either anionic or cationic. As such, this property of charge can be an additional tool to direct charged biomolecule interactions with a gelatin hydrogel matrix. 76 Methacrylate-modified gelatin used to generate microgels via an emulsion polymerization scheme was reported by Nguyen et al. 51 The methacrylation took place via amine substitution; by varying the degree of methacrylation, various physicomechanical properties such as elastic modulus or protein release characteristics could be tuned. Lower degrees of methacrylation resulted in larger mesh sizes and faster particle degradation; more of the growth factor BMP4 could be loaded into microgels with lower methacrylation. Microgels with lower degrees of methacrylation also had more complete growth factor release in vitro relative to either microgels with higher methacrylation or microgels crosslinked with glutaraldehyde.
Gelatin microgels embedded in injectable PEG-fumarate hydrogels were described by Holland et al.
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The microgels were fabricated with emulsion polymerization using a glutaraldehyde crosslinker. Transforming growth factor-b1 (TGF-b1) was loaded into the gelatin microparticles by mixing the former with the latter in a dried state. In vitro release studies revealed the ability to dampen burst release characteristics as compared to TGF-b1-loaded directly into PEG-fumarate hydrogels; burst release was attenuated from as high as 51.3% down to as low as 31.4%, depending on microparticle loading and crosslinking time. Cumulative release over three weeks could also be tuned by modifying PEG-fumarate hydrogel mesh size and the amount of gelatin microgels loaded.
Hyaluronic Acid
Hyaluronic acid is an anionic linear glycosaminoglycan with high molecular weight that is often found in the extracellular matrix (ECM) and is comprised of two disaccharides, N-acetylglucosamine and D-glucuronic acid. Its major function in the body is to bind water and lubricate moving parts in the body; it is most often found in connective tissues, synovial fluid, and the vitreous fluid of the eye. 50 Hyaluronic acid was used to create microgels by modifying it with the addition of thiol groups by Hahn et al. 23 A two-step chemical reaction was used to thiolate hyaluronic acid, which was then crosslinked with the addition of sodium tetrathionate. The protein hormone drug erythropoietin was loaded into these microgels pre-gelation, and in vitro results indicated controlled release over a period of nine days. In vivo rat results showed elevated plasma concentrations of erythropoietin above the critical minimal efficacy concentration, maintained for a week.
Dextran
Dextran is a natural, branched polysaccharide consisting of repeating glucose units in the form of either a- (1,6) linkages in the main chain or a-(1,3) branch linkages. 67 It has been used therapeutically as a blood thinner to decrease thrombosis. 6 Microstructured dextran-based hydrogels that significantly reduced the burst effect in releasing the PEGylated protein drug interferon-a2a were reported by Bae et al.; microstructured PEG domains carrying the protein drug were dispersed throughout a bulk dextran hydrogel. 5 Humanized mice (hepatitis C model) were used to show that the microstructured hydrogels resulted in an increase in sustained plasma concentration of interferon-a2a over a 40-day period; there was more than a fivefold increase in plasma half-life. Serum levels of ALT and IFN-c, markers for liver damage and immune response, were significantly decreased as compared to controls.
Synthetic Polymers
Synthetic polymers are promising due to the tighter control of chemical structure, reproducibility, and tunability available. While naturally-sourced polymers may have batch-to-batch variation, finer chemical control processes allow synthetically created polymers to be more consistent. Appropriate knowledge of chemistry allows for modification of polymer backbones and side chains to optimally tune polymer characteristics.
PEG-Based Polymers
Polyethylene glycol (PEG) is a synthetic, hydrophilic polymer well-investigated for hydrogels, particle ''stealthing'', drug half-life extension, and more. It has a relatively cytocompatible nature, often eliciting minimal inflammatory responses. Its chemistry is welldefined, and a multitude of variants (linear, branched, star, multi-arm, multi-functionality, etc.) are commercially available. Headen et al. demonstrated the microencapsuation of both cells and proteins using 4-arm PEG-based chemical hydrogels generated with a flow-focusing microfluidic device and crosslinked via Michael addition. 25 The cell-binding peptide motif RGD was incorporated into the microgel for cell adhesion; the proteins insulin, bovine serum albumin, and IgG were loaded and showed sustained release over 3 days. Human MSCs were encapsulated and shown to be viable for at least 7 days; human islets were encapsulated and had a comparable glucose stimulation index as compared to non-encapsulated islets.
A PEG-based microgel platform based on a microfluidic synthesis approach was also reported by Allazetta et al. 3 The crosslinks used in this platform were enzymatically degradable, allowing for certain proteases to cleave the hydrogel network. Mouse embryonic stem cells were encapsulated with this procedure, followed by a second microfluidic step into hydrogel beads chemically crosslinked via Michael addition, resulting in an encapsulating non-degradable hydrogel shell. ESCs escaped after 20 h if the second microfluidic step was absent; with the additional nondegradable layer, no cells escaped after 4 days of culture. The related idea of conformally coating cells with a hydrogel shell has been reported by Tomei et al.; no significant loss of encapsulated islet function was observed. 64 These approaches of generating an additional layer of hydrogel material over an existing microgel foundation holds promise for modulating both cell and protein delivery.
PEG-based microparticles that are photodegradable by single photon or two-photon irradiation were reported by Tibbitt et al. 63 A PEG macromer with bivalent photodegradable acrylates was copolymerized with a PEG macromer with tetravalent thiol groups via Michael addition; the photodegradable nitrobenzyl ether moieties absorb single photon radiation at 365 nm or two-photon radiation at 740 nm. It was demonstrated that labeled bovine serum albumin could be released selectively by spatially targeting microspheres to irradiate. Bioactivity of encapsulated TGFb1 on mink lung epithelial cells was verified with a luciferase assay in vitro. The use of fluorescent annexin V within degradable microgels to identify apoptotic cells (induced with camptothecin) was also demonstrated.
Impellitteri et al. generated PEG microgels that incorporated VEGF receptor 2 (VEGFR2) into the hydrogel matrix to carry VEGF. 30 VEGFR2 was covalently linked into the matrix and served to increase binding affinity and specificity of the microgels for VEGF. An aqueous two-phase water-in-water emulsion scheme using UV crosslinking was used to fabricate the microgels. An in vitro transwell HUVEC proliferation assay showed an increase in cell count when HUVECs were incubated with microgels with VEGFR2 linked into the matrix loaded with VEGF, as compared to control (microgels with a scrambled peptide linked into the matrix). Microgels with VEGFR2 linked into the matrix were also used to show the ability to downregulate growth factor signaling. HUVECs incubated with soluble VEGF had lower cell counts when co-incubated with these microgels as compared to control, presumably due to the microgels sequestering some of the soluble VEGF.
PEG-diacrylate (PEGDA) microgels were synthesized by DeVolder et al. via emulsion polymerization, with PEGDA crosslinked to an ionic monomer (either an anionic or cationic monomer) to generate charged microgels. 16 These separate, charged microgels could be combined to create a colloidal gel material that resisted flow. Release of bovine serum albumin and VEGF (separately) over a seven day period was evaluated, and it was shown that release rates were mostly independent of microgel formulation. A chorioallantoic membrane in vivo model was used to assess microgel retention, inflammation response, and capillary formation. The colloidal gel formed from mixing the oppositely charged microgels (carrying VEGF) had improved retention, comparable inflammation, and improved vascular density as compared to controls.
Hybrid Synthetic Polymers
Zachman et al. synthesized PEG-and PCL-based microgels carrying both an angiogenic peptide (C16) and an anti-inflammatory peptide (Ac-SKDP). 77 The microgels were delivered into thigh muscle adjacent to the femoral artery ligations in a murine hind limb ischemia model of peripheral artery disease. Microgels in a series of 1 lL injections, allowing for thermosensitive in situ polymerization, were tested against preformed implantable scaffolds. Dual delivery of C16 and Ac-SKDP showed improved hind himb reperfusion for both the microgel and bulk hydrogel formulation. However, the series of microgel injections resulted in reduced inflammatory responses as compared to bulk hydrogels.
Poly(acrylic acid) (PAA) and PEG were crosslinked via esterification in a DMSO/Pluronic microemulsion to form microgels. 56 RAFT polymerization was used to generate the PAA, allowing for good control of molecular weight; the size of degradation products were tuned to be within the glomerular filtration size range of the kidney. Control over crosslinking density also allowed control over microgel shape and morphology; higher crosslinking resulted in spherical shapes while lower crosslinking led to less-spherical, porous microgels. Several proteins (lysozyme, hemoglobin, myoglobin, albumin) were loaded into these PAA-PEG microgels post-fabrication; lysozyme had high loading efficiency (>90%) and loading efficiencies for the other proteins were dependent on microgel formulation. Release of lysozyme over a period of thirty days was also shown to be dependent on microgel formulation, with high retention of enzymatic activity.
Sajeesh et al. reported polymethacrylic acid-PEGchitosan microgels either functionalized with thiol groups or complexed with cyclodextrin for oral insulin delivery. 57, 58 The addition of thiol groups by grafting cysteine residues to the surface of of the microgels improves polymer-mucus interactions due to the formation of disulfide linkages. 1 Insulin transport in vitro across Caco-2 colon adenocarcinoma cell monolayers was improved with the addition of cysteine residues; insulin transport in vivo across rat intestinal tissue was also increased. Oral administration of thiol-functionalized microgels led to an improved hypoglycemic effect over 10 h as compared to non-functionalized microgels or a subcutaneous injection of insulin. Complexation of these microgels with cyclodextrin was also evaluated, and similar improvements in insulin transport and hypoglycemic effect were observed.
Liposomes immobilized onto pNIPAM-based microgels via biotin-avidin interactions were reported by MacKinnon et al. 45 Acrylic acid and NIPAM were copolymerized to form microgels that were modified to present amines, 28 and then biotinylated using amine-NHS ester chemistry. Multilamellar liposomes containing biotin groups were generated, followed by conjugation of avidin. Mixing of microgels presenting biotin and liposomes presenting avidin resulted in coupling of the liposomes to the microgels via a biotinavidin-biotin chain. The ability of the liposomes to retain loaded molecules as compared to free liposomes was verified.
Hydroxyethyl starch-based methacrylated polymers were used to generate microgels using photo-initiated emulsion polymerization. 71 FITC-labeled goat antihuman IgG was loaded into microgels with and without PEG incorporated, and sustained release was observed over nine days in vitro. Subcutaneous injection of these microgels in a mouse model showed more sustained release as compared to FITC-IgG in solution, but the authors noted an inflammatory response in the microgels without PEG incorporated.
Stimulus-Responsive Polymers
Polymers with the ability to react in response to external stimuli have been of particular interest. Materials that respond to temperature as a driving stimulus can be used to trigger protein release. One of the most common, pNIPAM (a polymer of N-isopropylacrylamide), has a lower critical solution temperature (LCST) of 32°C. As the environmental temperature of the pNIPAM increases and crosses this LCST, water is expunged from the hydrogel network and the polymer chains collapse. 43 Release of small molecule drugs from pNIPAM microgels has been demonstrated. 11 pH and temperature can both simultaneously be used to modulate the swelling behavior of pNIPAM microgels 18 and PAA-based microgels. 9 Other external triggers such as pH and ion concentration can be used to induce these volume phase transitions as well. For example, Kiser et al. reported microgels formed from methylene-bis-acrylamide and methacrylic acid and coated with a lipid bilayer that act as a mimic of a secretory granule. 36 Responsive to both pH and ion concentration, these microgels can also be triggered by another separate stimulus (electrical, ultrasound) to destroy the lipid bilayer and allow for the microgel contents to be released. Glucoseresponsive microgels, as discussed in the next section, are often designed around pH-sensitivity. Incorporation of a glucose oxidase yields gluconic acid from glucose, therefore lowering the pH. 72 
Glucose-Responsive
Chitosan-based pH-and glucose-responsive microgels fabricated by an electrospraying technique were reported by Gu et al. 21 These microgels were loaded with human recombinant insulin and enzyme nanocapsules containing glucose oxidase and catalase. Upon an increase in glucose concentration, these enzymatic nanocapsules increase their activity which ultimately results in the protonation of the amine groups on the chitosan chains, leading to microgel expansion and release of insulin. In vivo mouse models showed a noticeable modulation of blood glucose level for 72 h. Wu et al. also reported glucose-responsive microgels utilizing a glucose oxidase/catalase enzymatic reaction mechanism, generated with inverse emulsion polymerization. 72 An acid-labile crosslinker (DMOPA) was used to create microgels that degrade in response to decreased pH; increased glucose concentration decreases pH via glucose oxidase. Release of insulin in vitro was shown to vary significantly as a function of glucose concentration.
Yin et al. synthesized glucose-responsive microgels using concanavalin A, a carbohydrate-binding protein that possesses a strong, reversible affinity to glucose, as the glucose-responsive agent. 74 An emulsion polymerization technique was used to generate the acrylated chitosan-based microgels, followed by crosslinking with genipin and post-synthesis loading of insulin by diffusion. Insulin release in vitro was assessed, and increased insulin release over 2 h was observed when the microgels were submitted to a 4 mg/mL glucose stimulation. Pulsatile release of insulin from the microgels in response to alternating on/off glucose signals was also demonstrated.
Temperature-Responsive
Thermoresponsive release of insulin from pNIPAMbased microgel films was reported by Nolan et al.
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NIPAM and acrylic acid monomers underwent precipitation polymerization to form microgels, were loaded with FITC-labeled insulin by diffusion, and then subjected to layer-by-layer deposition with polyalylamine hydrochloride as the polycationic layer and the microgels as the polyanionic layer. The release of insulin was shown to be controllable via temperature, with pulsatile release of insulin corresponding to temperature changes between 25 and 40°C. An et al. also reported pNIPAM-based microgels that demonstrated swelling and deswelling below and above the LCST of the hydrogel network based on particle diameter measurements. 4 Sung et al. used water-in-oil emulsion polymerization to create thermoresponsive microgel constructs by physically entrapping p(NIPAM-co-acrylamide) chains inside genipin-crosslinked gelatin networks. 62 Release of bovine serum albumin due to temperature-induced deswelling could be tuned by modifying the percentage of poly(NIPAM-co-acrylamide) incorporated into the gelatin matrix. Enzymatic degradation of the microgels by collagenase was also demonstrated, resulting in free poly(NIPAM-co-acrylamide) chains that could be excreted by the kidney.
pH-and Ion Concentration-Responsive
Hydrophobic nanoscale hydrogels within hydrophilic microscale hydrogels have been investigated for the delivery of small molecule chemotherapeutics. 60 Knipe et al. showed the facile synthesis of polyanionic microgels containing polycatonic nanoscale hydrogels for protein delivery. 37 Methacrylic acid and N-vinyl pyrrolidone in solution were used to synthesize microgels via photoinitiated free radical polymerization to form a film, which was subsequently dried under vacuum and then crushed to form microgels. Nanoscale hydrogels containing t-butyl methacrylate and 2-(t-butylamino)ethyl methacrylate were synthesized with emulsion polymerization 41 and mixed with the solution of methacrylic acid and N-vinyl pyrrolidone prior to polymerization into a film. The swelling ratio of these microgels was shown to vary with pH. Loading of bovine serum albumin and FITC-labeled dextran was confirmed, with loading efficiencies ranging from 40 to 60%; relatively fast release profiles over 2 h were observed. Caco-2 colon adenocarcinoma human cells incubated with microgels showed variable viability, dependent on microgel concentration.
Murthy et al. developed microgels sensitive to acidic environments by synthesizing a crosslinker compound with an acetal linkage that is acid-labile. 49 Acrylamide was crosslinked with this compound with inverse emulsion polymerization, with loaded protein (ovalbumin) incorporated before polymerization. pHdependent protein release in vitro over a period of 5 h was demonstrated, and incubation with RAW 309.1CR antigen-presenting cells yielded acceptable toxicity, dependent on microgel concentration. Compared to incubation with free ovalbumin, these antigen-presenting cells incubated with microgels car-rying ovalbumin showed a significantly higher ability to activate B3Z cytotoxic T lymphocytes.
Hollow-core polymethacrylic acid (PMAA) hydrogel capsules used to investigate the interplay between pH and microgel swelling and macromolecule loading were reported by Kozlovskaya et al.
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PMAA and polyvinylpyrrolidone (PVPON) were deposited layer-bylayer onto a silica core, crosslinked with ethylenediamine, and then submerged in HF to dissolve the cores. Dialysis in a basic buffer removed the PVPON, yielding hollow PMAA capsules. The diameter of the PMAA capsules was shown to vary from a pH of 2-11, with the smallest size obtained at pH 5.5 and larger sizes obtained as the pH either increased or decreased. Loading of FITCdextran was shown at pH 2 and pH 8, followed by entrapment of the loaded dextran by shifting the pH to 5.5. Increased crosslinking time, which reduced mesh size, affected the permeability of the PMAA microgel capsule to different-sized macromolecules.
The adsorption of the enzymatic protein lysozyme onto core-shell microgels was investigated by Welsch et al. 70 The core of the microgel consisted of polystyrene, while the negatively-charged shell contained crosslinked NIPAM, methylenebisacrylamide, and acrylic acid. As ion concentration was increased, binding affinity of the lysozme to the microgel decreased. Adsorption of lysozyme resulted in an activity enhancement factor of roughly 3.5, and results indicate protonation of lysozyme upon adsorption.
OUTLOOK
Microgels represent an exciting developing area in hydrogel-based therapeutics for protein delivery. Because of their versatility in fabrication methods and base materials, delivery formulation, and size, these carriers offer tremendous opportunities for the controlled delivery of protein therapeutics as well as cells. Advances in fabrication methodologies, including those yielding non-spherical morphologies, polymer formulations, incorporation of novel and/or multiple bioactive components will lead to new classes of microgels with new properties and functionalities. Because of its flexibility and versatility, this material platform will have significant impact in biomedical applications such as cancer, inflammatory disorders, immunoengineering, and regenerative medicine.
